We have studied the mechanism by which the ␦ sub-DNA synthesis and proofreading. The sliding clamp (␤ unit opens the ␤ ring by determining the structure of a subunit) provides processivity. The clamp loader (␥ com-␤:␦ complex. Our crystallographic results show that the plex, subunits ␥, ␦, ␦Ј, , and ; the last two are not chain fold of ␦ is essentially the same as that seen preessential for clamp loading and are not included in subviously for the ␦Ј subunit, despite the lack of significant sequent discussion) is required for loading the sliding sequence identity between these two proteins. The clamp (␤) onto DNA. In T4 and related bacteriophages, structure of the ␤:␦ complex indicates that there are two components to the mechanism by which the interaction with ␦ results in the opening of the ␤ ring. ␦ acts as a
wrench in that it induces or traps a conformational cules in the asymmetric unit of the ␤:␦ crystals. An evolutionary relationship between ␦Ј, ␥, and the eukaryotic change in ␤ at its dimer interface such that ring closure is no longer supported. Additionally, the curvature of RFC subunits (Cullman et al., 1995 ; O'Donnell et al., 1993) was not extended previously to include the ␦ subthe ␤ monomer is reduced in the ␤:␦ complex relative to that of the ␤ monomer in the ␤ dimer. Molecular unit because of its dissimilar sequence. Indeed, structural alignment of each of the domains of ␦Ј and ␦ shows dynamics simulations indicate that this opening up of the ␤ monomer results from an intrinsic tendency of ␤ that the level of sequence identity between them is only ‫.%8-%6ف‬ Nevertheless, the close structural corresponto adopt a more open conformation than that seen in the dimeric ring. There is, as a consequence, a spontaneous dence between ␦ and ␦Ј makes it reasonable to assume that ␦ also derives from an ancestor that is common to spring-loaded component to the ring opening mechanism that supplements the action of the ␦ wrench.
all the clamp loader subunits.
A Conserved Hydrophobic Plug from ␦ Is Wedged Results and Discussion
into a Hydrophobic Crevice between Domains 2 and 3 of ␤ Structure Determination Crystallization attempts using wild-type ␤ and full-length Of the three domains of ␦, only the N-terminal domain (Domain I) is involved in interactions with ␤. The ␤-inter-␦ were unsuccessful. We therefore turned to a form of ␤ that is primarily monomeric in solution, as a result of action elements on ␦ (helix ␣4 and the loops that flank it) are restricted to a region that is distal to the Domain replacement by alanine of two hydrophobic residues on Domain 3 at the dimer interface (Ile-272 and I/Domain II connector (Figure 1 ). The interaction between ␦ and ␤ is restricted to one face of the ␤ ring, (Stewart et al., 2001 ). This monomeric ␤ interacts with ␦ at least 50-fold more tightly than does wild-type ␤, and does not involve the dimer interface directly ( Figure  2 ). The head-to-tail nature of dimer formation results in and was crystallized in complex with two forms of ␦. First, full-length wild-type ␦ was crystallized in a 1:1 the ␤ subunit ring having two dissimilar faces, and ␦ binds to the face of ␤ from which the C-terminal region complex with mutant ␤. This crystal form has two copies of the ␤:␦ complex in the asymmetric unit, and the strucof ␤ protrudes ( Figure 3 ). The heart of the interface ␦ consists of three separable domains, each of which involves three hydrophobic residues of ␦: Met-71, Leuis closely related to a corresponding domain in the ␦Ј 73, and Phe-74. Of these, Leu-73 and Phe-74 protrude stator, the only clamp loader subunit whose structure out to form a hydrophobic plug that fits into a hydrophowas known previously (Guenther et al., 1997 ). An N-terbic pocket on the surface of ␤, formed by Leu-177, Prominal domain (Domain I, residues 1 to 140) consists of 242, Val-247, Val-36 and Met-362 (Figure 3 ). There is an a central six-stranded ␤ sheet surrounded by five ␣ additional interaction between ␦ and a loop in ␤ (followhelices, and has a RecA-like fold that resembles that of ing helix ␣1″ in Domain 3 of ␤, using the notation of Kong many nucleotide binding domains. A core region of 64 et al. (1992) ) that leads to an extensive restructuring of residues can be superimposed between ␦ and ␦Ј, with that loop ( Figure 4A ). This conformational change in ␤ is an rms deviation in C␣ positions of 1.8 Å . A zinc binding important for the ring opening mechanism, as discussed module (of unknown function), present in the structures below. of ␦Ј and ␥, is absent in ␦.
The ␤:␦ interface buries ‫0091ف‬ Å 2 of surface area Domain II (residues 141-210) is a four-helix bundle spanning both molecules. On ␦, the region of the surface that is slightly larger than its counterparts in ␦Ј and ␥ that is most conserved involves Leu-73 and Phe-74, because of an additional 2-stranded ␤ sheet and an and these residues are responsible for the most highly extra helix (Figure 1 ). Domain III (residues 211-343) also conserved feature on the entire surface of ␦. Likewise, has an additional helix, but is otherwise similar to ␦Ј. the region of ␤ that binds to ␦ forms an extended patch Domains I and II together resemble the core structures of highly conserved residues on the ␤ surface (Figure 3) . of AAAϩ ATPases, many of which form hexameric assemblies containing a single type of subunit, such as the NSF protein that is involved in vesicle fusion ( in ␤ that immediately follows helix ␣1″ (residues 274 to ␣4 of ␦ translates by ‫5.5ف‬ Å and rotates by ‫54ف‬Њ about the helical axis with respect to the rest of Domain I. 278), which interacts closely with ␦ in the ␤:␦ complex. In dimeric ␤, the structure of this loop is well-defined This rather large structural change includes complete rearrangement of the molecular interactions between due to the presence of a ␤ turn between residues 275 and 278, but its conformation would prevent the binding the helix and the main body of ␦. The last turn of the helix is completely unwound in the ␤:␦ complex, allowing of ␦. We surmise that alterations in the structure of this loop that are induced by ␦ impose strain on the distorted Leu-73 and Phe-74 to interact with ␤. The conforma-C-terminal end of helix ␣1″, and that this strain is retional change in going from the ␤-bound to the ␤-free leased by relaxation of the helix into the more regular form (seen in the ␥ complex structure) results in the structure observed in the ␤:␦ complex. In going from the ␤-free to the ␤-bound form, helix wrench appears to be apt. ., 1992) . In the other, we started from the same crystal structure of wildthe trajectory with that of the ␤:␦ structure can be readily visualized in Figure 6A . type dimeric ␤, but we removed one of the two molecules at the start of the trajectory. This allowed us to follow Large scale conformational changes in proteins are not usually observed on a nanosecond timescale. The the relaxation of the structure upon removal of the dimer constraints. No artificial driving forces were applied in rapid structural relaxation in ␤ indicates that the monomer readily adopts a stable and more open structure either trajectory, which were both computed using a standard molecular dynamics procedure for a fully solwhen not constrained by dimer interactions, without having to surmount large energy barriers. The forces vated system, using the program AMBER (Cornell et al., 1995; Pearlman et al., 1995). The simulations of dimeric underlying this "spring" are difficult to disentangle. There is no obvious steric effect that caused the doand monomeric ␤ were extended for 2.2 and 3.0 nanoseconds (ns), respectively, and are limited in length by mains of ␤ to open up when the dimer restraint is released. The total electrostatic energy of the system uncomputational resources. For example, the 3 ns simulation of monomeric ␤ required about 45 days of dedicated dergoes a sharp decrease that correlates with the structural relaxation, but an explanation for this requires computer time, using 8 Silicon Graphics R10000 processors.
further analysis that will be published elsewhere. Dimeric ␤ is stable relative to the crystal structure over the course of the simulation, with both interfaces
RFC-1 Is Likely to Be the Eukaryotic Clamp Loader Subunit that Plays a Role Analogous to ␦ remaining intact and without a net change in the overall shape of the ring. When all the C␣ atoms in the ring are
The lack of detectable sequence similarity between ␦ and the subunits of RFC means that sequence comparisuperimposed, the rms deviation in C␣ positions with respect to the crystal structure oscillates around ‫5.2ف‬ Å .
sons alone cannot reveal which of the 5 RFC subunits is the ␦ equivalent in eukaryotic clamp loaders. NeverIn contrast, the simulation of monomeric ␤ produces a remarkable result. Starting from a structure that is theless, several points indicate that RFC-1 may be the functional equivalent of ␦ in the eukaryotic clamp loader identical to that of one monomer in dimeric ␤, the monomer relaxes within ‫5.1ف‬ ns to a structure that resembles system. ␦ is the only subunit in the clamp loader complex that lacks a Ser-Arg-Cys ("SRC") motif that is conserved the more open form of ␤ seen crystallographically in the ␤:␦ complex ( Figure 6A ). This is illustrated most clearly in ␥ and RFC subunits 2 to 5. The arginine side chains of the SRC motifs in ␦Ј and ␥ are likely to be crucial for by superimposing Domain 1 from instantaneous structures in the trajectory onto Domain 1 of the dimeric ATP hydrolysis in the adjacent subunits, but the corresponding region of ␦ does not interact with an ATP crystal structure, and then monitoring the rms deviations of C␣ atoms in Domain 3 with respect to either Domain binding site (see accompanying paper, Jeruzalmi et al., 2001). ␦ is also the most divergent of the subunits of 3 in the crystal structure of dimeric ␤ (blue trace in Figure  6B ) or ␤ in the crystal structure of the ␤:␦ complex (red the ␥ complex. This is likely to be a consequence of the lack of a direct function in catalysis, since the generation trace in Figure 6B ). Starting from an rms deviation of 0 Å with respect to Domain 3 of dimeric ␤, the structure of proper active site geometry places more stringent requirements on sequence and structure than does the moves away rapidly, and eventually oscillates around an rms deviation of ‫01ف‬ Å away from Domain 3 in the maintenance of protein-protein interfaces alone. Another distinguishing feature of ␦ is the presence of two initial structure. In contrast, Domain 3 in the trajectory interactions between RFC-1 and PCNA are required to test this hypothesis. RFC-1 is unique amongst the eukaryotic clamp loader subunits in lacking an SRC motif. Also, the eukaryotic RFC-1 sequences appear to form a distinct subgrouping Conclusions The structure of the ␤:␦ complex shows that the clamp among RFC subunits, and RFC subunits 2-5 are more similar to each other across the span of eukaryotic evoloader opens the ␤ ring not by physically pulling apart the two halves of the ring, but rather by trapping one lution than they are to RFC-1. A BLAST (Altschul et al., 1990) search of the nonredundant protein database ␤ monomer in a conformation that works against ring closure. The ␤ dimer appears to be held together under using one of RFC 2-5 readily pulls out sequences of bacterial ␥ subunits at high confidence levels, while a some strain, and the interaction with the ␦ wrench induces or traps conformational changes at the adjacent similar search using RFC-1 does not. Finally, alignment of RFC-1 sequences around the region corresponding dimer interface that, in turn, allow the ring to spring open when released. to helix ␣4 in ␦ and ␥ reveals a pair of conserved hydrophobic residues (Phe-701 and Tyr-702 in human
The similarity in structure between ␦ and ␦Ј, established by our analysis, extends the evolutionary relation-RFC-1; NCBI accession number P35251) located at a position in the sequence that corresponds to the crucial ship among clamp loader subunits to include ␦. Consideration of structural and sequence features makes it hydrophobic residues of the bacterial ␦ subunit. Other RFC subunits do not appear to have a corresponding likely that the mechanism described here for ring opening of the ␤ clamp will be similar, at least in general pair of hydrophobic residues.
These arguments suggest that the ␦Ј subunit and the terms, in the eukaryotic RFC/PCNA system. A direct connection to the T4 gp44/gp62/gp45 system is more three ␥ subunits of the bacterial ␥ complex are replaced in the eukaryotic RFC complex by the four closely related difficult to make, because the sequence of gp62, like , 1999 ) to obtain 11 of 30 Se sites. Density-modified crystallographic phases derived 11 neutralizing Na ϩ ions, 30 Na ϩ /Cl Ϫ ion pairs, and 11,046 water molecules. from these sites were used to position both ␤ monomers in the asymmetric unit using a phased translation function. This procedure Molecular dynamics trajectories were generated by heating the system to 298 K over a period of 10 picoseconds (ps), followed by involved submission of the asymmetric unit of the rotation function (sampled on a 10Њ grid) through the phased translation function equilibration for 50 ps, and then commencing production dynamics at constant temperature and pressure. A distance cutoff of 9.0 Å using a single ␤ monomer (derived from the dimeric structure) as a search model. Two peaks above the noise were observed that was used to truncate van der Waals interactions, and particle mesh 
